Purkinje cells are one of the major types of neurons that form the neural circuitry in the cerebellum essential for fine control of movement and posture. During development, Purkinje cells also are critically involved in the regulation of proliferation of progenitors of granule cells, the other major type of neurons in the cerebellum. The process that controls differentiation of Purkinje cells from their early precursors is poorly understood. Here we report that two closely related LIM-homeobox genes, Lhx1 and Lhx5, were expressed in the developing Purkinje cells soon after they exited the cell cycle and migrated out of the cerebellar ventricular zone. Double-mutant mice lacking function of both Lhx1 and Lhx5 showed a severe reduction in the number of Purkinje cells. In addition, targeted inactivation of Ldb1, which encodes a cofactor for all LIM-homeodomain proteins, resulted in a similar phenotype. Our studies thus provide evidence that these transcription regulators are essential for controlling Purkinje cell differentiation in the developing mammalian cerebellum. Activity. X-gal staining of whole embryos (E12.5 or younger) was performed by following published procedures (58). After the staining, embryos were postfixed in 4% paraformaldehyde in phosphate buffer (pH 7.4), embedded in paraffin, and sectioned for further observation. Tissues from embryos older than E12.5 were fixed in 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4) for 2-4 h at 4°C. After washes in PBS, the tissues were incubated in 30% sucrose, frozen in OCT compound, and sectioned at a thickness of 14 m. The sections were stained in the same solution used for whole-embryo X-gal staining.
T he neural circuitry in the cerebellum plays an essential role in controlling movement and posture. Granule cells and Purkinje cells constitute the two principal types of neurons that form this circuitry. One major challenge in understanding development of the cerebellum is to elucidate the mechanisms underlying the generation of these cells.
The generation of the granule cells has been known to involve intricate regulations by a number of signaling molecules and transcription factors. The Shh signaling molecule (1, 2) and its downstream transcription factor Gli2 (3), as well as the Notch signaling pathway (4) and other transcription factors such as Ru49/Zipro1 (5) , Zic1, and Zic2 (6, 7) , are important for regulation of proliferation of the granule cell progenitors. The BMP signaling molecules (8) (9) (10) and transcription factors such as Math1 (11, 12) and NeuroD (13) are critically involved in the specification or differentiation of the granule cells.
The factors that control the generation of Purkinje cells are largely unknown (for reviews, see refs. [14] [15] [16] [17] . Recent studies have revealed that Ptf1a, a basic helix-loop-helix transcription factor, is required for the specification of progenitors of all cerebellar GABAergic neurons, including Purkinje cells, in the ventricular zone of the cerebellum (18, 19) . However, the factors that regulate further differentiation of Purkinje cells after they become postmitotic and migrate out of the ventricular zone have remained unclear.
The LIM-homeodomain proteins represent transcription factors that play essential roles in the differentiation of many specific types of neurons throughout the developing central nervous system (20, 21) . They function in the context of protein complexes that involve a key cofactor called Ldb1 (22) (23) (24) . RNAs encoding two closely related LIM-homeodomain proteins, Lhx1 and Lhx5, previously have been detected in Purkinje cells in postnatal and adult mice and rats (refs. 25 and 26 and data not shown). More recently, the expression of Lhx1 and Lhx5 proteins and of Lhx1-and Lhx5-directed Egfp reporters have been observed in developing Purkinje cells soon after they exit the cell cycle in the cerebellum (27) . To begin to address the role of LIM-homeodomain proteins in cerebellar development, we examined the expression of Lhx1, Lhx5, and Ldb1 mRNAs in the developing cerebellum. We found that all are expressed in the developing Purkinje cells. Moreover, our analysis of mutant mouse embryos lacking function of these genes revealed that they are essential for Purkinje cell differentiation in the developing cerebellum.
Results

Expression of Lhx1 and Lhx5 mRNAs in the Developing Purkinje Cells.
The Purkinje cells are derived from progenitors in the ventricular neuroepithelium of the developing cerebellar anlage (28) . During mouse embryonic development, Purkinje cells are born between embryonic day (E)11 and E13, as their progenitors exit the cell cycle and start to migrate out of the ventricular zone (15) . By in situ hybridization, we detected mRNAs encoding Lhx1 and Lhx5, two closely related LIM-homeodomain transcription factors, in cells that had just migrated out of the ventricular zone of the cerebellum at E12.5 ( Fig. 1 A and E). Lhx1 and Lhx5 mRNAs continuously were present in the migrating cells that had left the ventricular zone at E14.5 ( Fig. 1 B and F) . By E16.5 and E18.5, we found Lhx1 mRNA in the emerging Purkinje cell layer of the cerebellum ( Fig. 1 C and D) , whereas the expression of Lhx5 was reduced ( Fig. 1 G and H) . The activity of the Lhx1 gene also was analyzed in Lhx1 LacZ/ϩ embryos, in which a part of one copy of the Lhx1 gene was replaced by a LacZ reporter (29) . 5Ј-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining revealed that ␤-galactosidase, a product of the LacZ reporter gene, was expressed in the cerebellum ( Fig. 1 I and J) in a pattern identical to that of Lhx1 mRNA shown by in situ hybridization ( Fig. 1 A and C) . We next performed X-gal and anti-5-bromo-2Ј-deoxyuridine (BrdU) double staining of sections from Lhx1 LacZ/ϩ embryos that also were pulse-labeled by BrdU. This analysis allowed us to determine that Lhx1 was expressed only in BrdU-negative postmitotic cells in the differentiating zone but not in BrdU-positive proliferating cells in the ventricular zone of the cerebellum (Fig. 1K ). The expression patterns of Lhx1 and Lhx5 mRNAs and Lhx1-LacZ reporter shown here are identical to those of Lhx1 and Lhx5 proteins and Lhx1-and Lhx5-Egfp reporters that have been described elsewhere (27) .
Severe Reduction in Number of Purkinje Cells in Lhx1/Lhx5 Double
Mutants. Previous studies have revealed essential roles for Lhx1 and Lhx5 in neuronal differentiation in the developing spinal cord and hippocampus (29, 30) . The expression patterns of Lhx1 and Lhx5 in the cerebellum suggest that these factors may be involved in controlling Purkinje cell differentiation. To determine the role of Lhx5 in development of the cerebellum, we performed histological analysis in Lhx5-null mice. Most of the Lhx5-null mutants die soon after birth, but a few survive to adulthood (30, 31) . The cerebellum of mutant E18.5 embryos and adults was found to be indistinguishable from that of wild-type controls (data not shown) (31) . Germ-line deletions of the Lhx1 result in early lethality of the mutant embryos that lack anterior head regions, including the cerebellum (29, 32) . In an effort to analyze the role of Lhx1 in development of the cerebellum, we generated two different conditional Lhx1 mutant alleles, Lhx1 fx1 [supporting information (SI) Fig. 6 ] and Lhx1 fx2 (33) , by inserting loxP sites into introns flanking the Lhx1 coding sequence. By crossing the Lhx1 conditional mutants with mice that express the Cre recombinase controlled by regulatory elements of either the Nestin (Lhx1 fx1/fx1 ; Nes-Cre ϩ ) or Engrailed-1 (Lhx1 fx2/fx2 ; En1 Cre/ϩ ) gene, we were able to target Lhx1 ablation to the cerebellum by E11.5 or E12.5 (SI Figs. 6 and 7). However, histological analysis at E18.5 revealed no significant defects in the developing cerebellum of these Lhx1-deficient mutants (SI Figs. 8 and 9 ). The Lhx1 fx1/fx1 ; Nes-Cre ϩ conditional mutants died soon after birth, possibly because of a failure in kidney function. Cre also was expressed in the developing kidney in these mutants (data not shown), which may well impair the function of Lhx1 that is essential for kidney development (32, 34, 35) . The Lhx1 fx2/fx2 ; En1 Cre/ϩ conditional mutant was viable to adulthood and showed no abnormal phenotype.
Lhx1 and Lhx5 share high sequence similarity (36) and overlapping expression patterns in the developing cerebellum ( Fig. 1 ), suggesting that these two genes may have redundant roles in the development of the cerebellum. To examine this possibility, we generated double-mutant embryos lacking expression of both Lhx1 and Lhx5 in the developing cerebellum. At E14.5, the cerebellum of the Lhx1/Lhx5 double-mutant embryos (Lhx1 fx1/LacZ , Nes-Cre ϩ ; Lhx5 Ϫ/Ϫ ) was small as compared to that of controls (wild type or any embryos with at least one copy of the Lhx1 or Lhx5 gene intact) ( Fig. 2 A and B) . At this stage, the expression of the calcium-binding protein calbindin signals the appearance of differentiated Purkinje cells in the control embryos (15) ( Fig. 2E ). By contrast, the staining of calbindin was absent in the cerebellum of the Lhx1/Lhx5 doublemutant embryos ( Fig. 2F ). At E18.5, the cerebellum in Lhx1/Lhx5 double mutants remained small as compared to that in the controls. It lacked the Purkinje cell layer and the foliation that had emerged in the controls ( Fig. 2 C and D) . Although a few calbindin-positive cells were present in the dorsal region, Purkinje cells were largely absent in Lhx1/Lhx5 double mutants as compared to the controls ( Fig. 2 G and H) . Similar defects also were observed in Lhx1/Lhx5 double mutants in which a different Lhx1 conditional mutant allele (Lhx1 fx2 ) had been inactivated by Cre expressed under the control of En1 regulatory elements (Lhx1 fx2/LacZ , En1 Cre/ϩ ; Lhx5 Ϫ/Ϫ ) (SI Figs. 9 and 10). In those mutants, the staining of calbindin in the cerebellum essentially was negative (SI Fig. 10F ). In contrast to calbindin, Pax2, a marker for cerebellar GABAergic interneurons such as the basket and stellate cells (19, 37) , was detected in many cells of the Lhx1/Lhx5 double mutants as well as in the controls at E14.5 ( Fig. 2 I and J) and E18.5 ( Fig. 2 K and L) . Thus, inactivation of Lhx1 and Lhx5 appears specifically to affect development of the Purkinje cells in the cerebellum.
Defect in Purkinje Cell-Derived Cell-Cell Signaling in Lhx1/Lhx5 Double
Mutants. Despite the defect in Purkinje cell development, granule cells, marked by Math-1 immunostaining (11), were specified properly in Lhx1/Lhx5 double mutants ( Fig. 3 A and B) . Purkinje cells have been reported to interact with granule cell precursors via a Shh signaling pathway (1) (2) (3) . Gli1, a Shh target gene, was detected in both Purkinje and granule cells of control embryos (3) (Fig. 3C ). Consistent with the lack of Purkinje cells in Lhx1/Lhx5 double mutants, the expression of Gli1 was missing in the cerebellum of the mutants (Fig. 3D) . To follow the cells that normally express Lhx1 in the cerebellum of the Lhx1/Lhx5 double mutants, we analyzed the activity of ␤-galactosidase expressed from the LacZ reporter gene that replaced the Lhx1 coding sequence. At E12.5, ␤-galactosidase activity was detected in postmitotic cells that had migrated out of the ventricular zone of the developing cerebellum, but the staining was significantly reduced in Lhx1/Lhx5 double mutants compared to that of the controls ( Fig. 4 A and  B) . At E13.5, E14.5, and E15.5, the ␤-galactosidase-positive cells were largely missing in the cerebellum of Lhx1/Lhx5 double mutants, whereas they were present in the controls ( Fig. 4 C and  D; and SI Fig. 11 ). Because ␤-galactosidase-positive cells still were detected in other brain regions of the Lhx1/Lhx5 double mutants (Fig. 4D) , it appeared that the cells that normally express Lhx1 are competent for maintaining Lhx1 expression in the absence of Lhx1 and Lhx5 function. Our results suggest that these cells may start to disappear soon after they migrate out of the ventricular zone of the cerebellum in Lhx1/Lhx5 double mutants and subsequently are largely eliminated.
Defect in Purkinje Cell Development in Ldb1 Conditional Mutants.
The function of LIM-homeodomain proteins is mediated by the obligatory cofactor Ldb1 (22) . Ldb1 mRNA was expressed extensively in the developing cerebellum (SI Fig. 12 ). A germ-line deletion of Ldb1 causes very early embryonic lethality (24) . In an effort to analyze the role of Ldb1 in the development of the cerebellum, we generated a conditional allele by inserting loxP sites into the Ldb1 locus flanking the Ldb1 coding sequence (SI Fig. 12 ) (38) . To target Ldb1 deletion in postmitotic neurons in the developing cerebellum, we crossed the Ldb1 conditional mutants with the Nes-Cre ϩ mice. At E18.5, the cerebellum of the conditional Ldb1 mutants appeared small and lacked the foliation seen in control embryos ( Fig. 5 A and B) . Calbindin-positive Purkinje cells were greatly reduced in number as compared to those in the controls ( Fig. 5 C and D) . Thus, the deletion of Ldb1 resulted in a cerebellar phenotype that resembled that of Lhx1/ Lhx5 double mutants.
Discussion
Our results show that the LIM-homeobox genes Lhx1 and Lhx5 were expressed in precursors that just exited the cell cycle and migrated out of the cerebellar ventricular zone to assume the Purkinje cell identity. When the function of both Lhx1 and Lhx5 was inactivated, the differentiation of most of these postmitotic cells was compromised, resulting in a severe reduction in number of Purkinje cells. Thus, the LIM-homeodomain factors encoded by these two genes play essential roles in the differentiation of Purkinje cells in the developing cerebellum. In addition, our study has underscored the obligatory function of the Ldb1 cofactor in this process.
A number of factors are known to be involved in Purkinje cell migration or survival. The signaling molecule reelin and its downstream transducer Dab1 are essential for the regulation of Purkinje cell migration (39) (40) (41) . Survival of Purkinje cells is mediated by genes encoding nuclear factors Ror-␣ (42, 43) and Nna1 (44) , and by neurotrophic factors such as the nerve growth factor, brain-derived neurotrophic factor, ciliary neurotrophic factor, neurotrophin-4/5, and acetylcholine (45, 46) . Most recently, the transcription factor Ptf1a has been shown to be required for the specification of progenitors of all GABAergic neurons, including Purkinje cells in the ventricular zone of the developing cerebellum (18, 19) . Our studies went beyond these analyses in defining factors such as Lhx1 and Lhx5 that were directly involved in Purkinje cell differentiation. This finding opens a passage toward disclosing the complex genetic program that controls the identity of this important type of neurons in the developing central nervous system.
Despite the severe reduction in number of Purkinje cells in Lhx1/Lhx5 double mutants (Lhx1 fx1/LacZ , Nes-Cre ϩ ; Lhx5 Ϫ/Ϫ ), a few calbindin-positive cells were present in the dorsal region of the cerebellum. The presence of these cells suggests that some of the precursors might escape the conditional inactivation of function of Lhx1 and eventually undergo proper differentiation. Consistent with this idea, the calbindinpositive cells rarely were observed when we used the En1 Cre allele for inactivation of Lhx1 (Lhx1 fx2/LacZ , En1 Cre/ϩ ; Lhx5 Ϫ/Ϫ , see SI Fig. 10 ). In these double mutants, Cre likely was turned on earlier than it was in mutants carrying the Nes-Cre ϩ allele. The presence of reduced number of calbindin-positive cells in the cerebellum of the Ldb1 conditional mutants likewise may represent escapers, in this case caused by incomplete functional inactivation of Ldb1.
Although the number of Purkinje cells was severely reduced in Lhx1/Lhx5 double mutants, the cerebellar development appeared normal after inactivation of either Lhx1 or Lhx5 alone, which indicates that Lhx1 and Lhx5 are functionally redundant in controlling Purkinje cell differentiation in the cerebellum. Functional redundancy of LIM-homeodomain proteins including Lhx1 and Lhx5 also has been observed in controlling differentiation of subtypes of neurons in the developing spinal cord (47, 48) .
Our study of Lhx1 and Lhx5, together with recent studies of Ptf1a (18, 19, 49) , suggests that similar mechanisms of transcriptional regulation may operate in the cerebellum and the spinal cord to control the generation of specific types of neurons. In the cerebellum, Ptf1a is required for the specification of progenitors of all GABAergic neurons, including Purkinje cells (18, 19) , in which Lhx1 and Lhx5 are expressed and required for their normal differentiation. Ptf1a and Lhx1/ Lhx5 also are involved in the generation of subsets of GABAergic interneurons in the dorsal spinal cord (48, 49) . Ptf1a and Lhx1/Lhx5 thus seem to function at sequential steps in a same genetic program that controls the generation of specific neuronal cell types in different regions of the developing central nervous system.
Materials and Methods Animals.
A conditional mutant allele of Lhx1 (Lhx1 fx1 ) was generated by inserting a loxP site and a loxP-f lanked neomycinresistance gene (Neo) cassette (loxP-Neo-loxP) into the first and fourth introns of the Lhx1 gene, respectively, with the use of homologous recombination in R1 mouse embryonic stem cells (SI Fig. 6 A) . The targeted embryonic stem cell clones were double-selected by G418 and gancyclovir and screened with Southern hybridization analysis (SI Fig. 6B ). Targeted embryonic stem cells were injected into C57BL/6 (B6) blastocysts to generate chimeric mice that carry the mutant allele in the germ line. The chimeric mice were mated to wild-type B6 mice to generate heterozygous animals (Lhx1 fx1/ϩ ) that subsequently were crossed to produce homozygous Lhx1 conditional mutants (Lhx1 fx1/fx1 ). The Lhx1 fx1/fx1 animals appeared healthy. They were fertile and lived a normal lifespan. The Lhx1 fx1 allele was genotyped by PCR using a pair of primers (L1-PsiS, 5Ј-atcagaggtctgtgtggctcta-3Ј; L1-PsiA, 5Ј-tgctgagctgaagccatttcaga-3Ј) f lanking the loxP site in the first intron of the Lhx1 gene. The PCR amplified a 230-bp band from the wild-type Lhx1 allele and a 280-bp band from the Lhx1 fx1 allele, respectively.
The Ldb1 conditional mutant allele was generated by inserting a loxP site and a loxP-Neo-loxP cassette into the upstream region and the ninth intron of the Ldb1 gene, respectively (SI Fig. 12D ) (38) . Mice heterozygous for the Ldb1 conditional allele were crossed with EII-Cre transgenic mice (50) that express Cre transiently in the zygote to produce chimeric offspring with a selective deletion of the loxP-Neo-loxP cassette. These chimeric animals were mated to wild-type B6 mice to generate heterozygous Ldb1 conditional mutants (Ldb1 fx/ϩ ) that did not contain the Neo gene. The Ldb1 fx/ϩ mice were crossed to produce homozygous Ldb1 conditional mutants (Ldb1 fx/fx ). The Ldb1 fx/fx mice were healthy, fertile, and lived a normal lifespan. The Ldb1 fx allele was genotyped by PCR using a pair of primers (Ldb1-sense, 5Ј-cagcaaacggaggaaacggaagatgtcag-3Ј; Ldb1G, 5Јcttatgtgaccacagccatgcatgcatgtg-3Ј) flanking the loxP site in the upstream region of the Ldb1 gene. The PCR amplified a 350-bp band from the Ldb1 wild-type allele and a 400-bp band from the Ldb1 fx allele, respectively.
The generation of other transgenic mice used in this study, which included another Lhx1 conditional mutant (Lhx1 fx2/fx2 ) (33), the Lhx1 LacZ/ϩ mutant (29), Lhx5 mutant (30), En1 Cre/ϩ (51) , Nes-Cre ϩ (52), and Rosa26 stopϪLacZ (53) mice, have been described previously. The breeding, maintenance, and use of animals were in compliance with guidelines approved by the animal use committees of the National Institute of Child Health and Human Development and the University of Texas M. D. Anderson Cancer Center, respectively.
Histology, in Situ Hybridization, and Immunohistochemistry. To obtain embryos for analysis, mice were mated and checked daily for presence of vaginal plugs. Noon of the day when a plug was detected was designated as E0.5. Embryonic tissues were collected at various developmental stages and fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) overnight at 4°C. After several washes in PBS, tissues were either dehydrated in ethanol, embedded in paraffin, and sectioned at a thickness of 5 m or incubated in 30% sucrose in PBS, frozen in OCT compound (Sakura Finetek, Torrance, CA), and sectioned at a thickness of 14 m. For histological analysis, paraffin sections were stained with hematoxylin and eosin (Sigma, St. Louis, MO). For in situ hybridization, either paraffin or frozen sections were hybridized with 33 P-labeled or digoxigenin-labeled probes, respectively, following published procedures (54, 55) . The probes used included those for Lhx1 (56), Lhx5 (36), and Gli1 (3). Immunohistochemical staining of Math1 was performed on frozen sections by using a rabbit anti-Math1 antibody (1:100; a gift from Jane Johnson, University of Texas, Dallas, TX) and the ABC elite kit (Vector Laboratory, Burlingame, CA) following procedures suggested by the manufacturer. Immunostaining of calbindin was performed on paraffin sections with a rabbit antibody (1:1,000; Chemicon, Temecula, CA) by following published procedures (57) . For immunodetection of Pax2, paraffin sections were pretreated for antigen retrieval (PickCell 2100-Retriever; Electron Microscopy Sciences, Hatfield, PA) and then stained by using a rabbit antibody (1:200; Invitrogen, Carlsbad, CA) and the ABC elite kit. control embryos with TriPure RNA isolation reagent (Roche). The RNAs were separated on a gel, transferred to nylon membrane, and hybridized with a 500-bp cDNA probe derived from a part of the loxP-flanked region of the Lhx1 gene following published procedures (57) . The blot also was hybridized with a probe corresponding to the GAPDH housekeeping gene to ensure equal loading and transfer of the various RNA samples.
